Introduction
Rising atmospheric CO 2 levels and associated climate change will put local and global economies under enormous pressure if immediate actions are not taken to escalate significant cuts in carbon emissions. 1 Due to the immense scale of the problem, the deployment of multiple technologies will be necessary to combat this problem depending on location, industry and other societal, economical, and political constraints. One of the most promising technologies to address these needs is the electrochemical reduction of CO 2 to CO, hydrocarbons and multi-carbon oxygenates. 2 This approach not only bypasses hydrogen production by supplying protons from solution, but also reduces energy transformation and separation costs when compared to thermo-catalytic processes.
Recent research efforts including the experimental use of nanostructured electrodes and computational use of density functional theory (DFT) calculations has lead to promising developments towards the improvement of the activity, selectivity and stability of CO 2 reduction electrocatalysts. [3] [4] [5] [6] However, the immense growth of research on CO 2 electrolysis is making it difficult to keep up with new theoretical, computational and experimental findings which naturally contain various discrepancies. Theoretical calculations without any experimental support might lead to unrealistic results due to the complexity of the electric double layer and water structure near the electrode surface, 7 complex reaction mechanisms which usually do not take into account kinetic barriers, 8 lateral adsorbate interactions which are often overlooked, [9] [10] and mesoscopic effects which are seldom included. [11] [12] Experimental studies in different labs can also be vulnerable to discrepancies since many experiments take place at high overpotentials or high currents, and interference by the mass transport limitations due to nanostructured electrodes and unique reactor designs can be significant from lab to lab. 13 Evaluation of different catalysts by minimizing the concentration difference between the bulk and surface is of key importance to not only compare the intrinsic activity and selectivity of a catalyst, but to also accurately test and provide meaningful input to computational calculations.
14 Nanostructured metal electrodes have provided encouraging results in their ability to decrease the required overpotentials to form products such as formic acid, CO and ethylene. 6, 15 Regardless of the catalyst material and morphology, nanostructured and porous catalysts typically shift the onset potential of CO 2 reduction towards less negative potentials and/or provide better selectivity towards carbon-based products over hydrogen evolution. 6, 16 Although the nanoscale effects and surface structure to the electrocatalytic activity cannot be overlooked on these electrodes, [17] [18] [19] the selectivity towards CO and C 2 products over hydrogen at high currents can be very susceptible to mass transport effects. 10, [20] [21] [22] One of the key reasons for this delicate interplay is the participation or absence of protons in the rate determining step of the formed product. The proton decoupled electron transfer during the formation of C 2 products on copper surfaces has been well established independently by different research groups. [23] [24] [25] Although less established, there is a noteworthy amount of evidence that the formation of CO on gold surfaces may also take place via a rate determining step where electron and proton transfer is decoupled. 26 Naturally, there is a particular trend for the products that are pH independent (vs. NHE) pathway, as the (local) pH of the solution is increased.
During the electrochemical reduction of CO 2 , the concentration of protons and CO 2 near the electrode surface is counterbalanced between consumption from the electrode, diffusion from the bulk solution, and homogeneous buffer reactions. 27 When the reactions are carried out at a high current density or in electrolytes that have poor buffer action and/or mass transport, the pH near the cathode surface is well known to increase compared to the bulk value. [28] [29] Although the impact of local conditions on the selectivity of metal electrodes is well recognized, simulated and reproduced, 25, [27] [28] 30 it is still a common practice to test high surface area electrodes in very low buffer capacity solutions which promotes a high selectivity towards carbon based products resulting from the suppression of hydrogen evolution. While the surface structure of a catalyst is very important to determine its selectivity and activity, the distinction between the effect of surface morphology and mass transport effects on the electrocatalytic activity is not explicitly clear and needs to be urgently clarified in order to improve fundamental understanding of reaction mechanisms and provide faster routes for optimization. 31 Recently, Dunwell et al. studied the concentration gradients near the electrode surface by using SEIRAS in bicarbonate solutions with special emphasis on the implications of the kinetic analysis. 30 However, the activity and selectivity towards CO 2 reduction products and theoretical and practical implications to high surface area electrodes has not been extensively described. Moreover, a comparison of detailed simulation results with physical measurements is currently missing in the literature. 16 In this work, we studied the near-surface concentrations of reactants, e.g. protons and CO 2 , during CO 2 electrolysis by using in-situ surface enhanced infrared absorption spectroscopy (SEIRAS) under densely buffered neutral pH concentrations in phosphate electrolytes. These electrolytes are commonly used as high buffer capacity solutions to evaluate and exclude local pH effects on the catalytic selectivity, and thus it is vital to understand their buffer capacity and mass transport to cathode during CO 2 electrolysis.
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The experimental results were supported by a detailed computational model that takes into account bubble induced mass-transport, activity coefficients of the buffer electrolyte, and the concentration dependent solubility of CO 2 , in order to accurately mimic the conditions created during in-situ SEIRAS measurements. In addition, the activity and selectivity of a very high surface electrode composed of densely packed nanowires was tested with variable buffer concentrations, and the implications of these findings in the evaluation of high surface electrodes is thoroughly discussed. The experimental and computational data show that all concentrations of phosphate buffer breakdown quickly in a narrow potential window, with the lowest concentrations having the steepest pH gradient. These results indicate that most CO 2 electroreduction experiments have been done in mass transport limited configurations, which severely complicates the mechanistic insights that have been derived from them.
Results
An Atomic Force Microscopy (AFM) image of a typical 25 nm thick Cu film sputtered on Ge is given in Figure 1 (a). The film was composed of partially merged metal islands with an average diameter of 30 nm that were initially nucleated onto the Ge surface. Surface features ranging from 1-5 nm in height were present on top of a thin continuous Cu underlayer ( Figure   SI1 ). Calibration and experiments were conducted in a custom designed spectroelectrochemical cell in which the copper coated Ge internal reflection element (IRE) was mounted to the bottom of cell serving as the working electrode (Figure 1(b) ). The SEIRA spectra of phosphate species on a 25 nm thick Cu film for different pH values were measured and the results are shown in Figure 1 (c). The SEIRA spectrum taken at pH 4.34 exhibited spectra after assuming the resultant spectra is the linear combination of the phosphate species. 34 Near surface concentrations of molecules during CO 2 electroreduction can be approximated computationally by the Nernst-Planck equation. [35] [36] However, recent in-situ SEIRAS measurements in bicarbonate solutions implied that physical measurements might be necessary to accurately quantify the local concentrations of molecules. 34 For SEIRA active smooth surfaces, the concentration of molecules within the boundary layer were calculated as a function of current density by including diffusion, bubble induced convective mixing and bulk reactions of buffer molecules. 35, [37] [38] [39] For nanowire electrodes, additionally, the current was considered to be distributed along the catalyst layer and a convection term was added as a result of stirring. 39 The details of the simulation methodology are provided in the electronic supplementary information.
The electric field leading to the surface enhancement effect on SEIRA active thin metal electrodes decays in very short distances (5-10 nm) from the surface when compared to the thickness of the diffuse layer (30-300 µm), which allows the ability to monitor local concentration of species as schematically depicted in Figure 2 ). In the first region of low current density, the buffer solutions sustained the local pH with a reasonable difference (<1.5) with respect to the bulk pH depending on the buffer capacity.
Considering the fact that buffers are only effective in a certain range near the pKa, the steep increase in local pH between 8-10 can be seen as a result of the breakdown of the buffer. The current density where this was observed is particularly important because the steep increase in the pH in a very narrow window of current density will cause a huge overestimation of the kinetic overpotential. Strikingly, the current density where this happens was very low (<10mA/cm 2 ) for the commonly used 0.2 M phosphate buffer solution. In fact, 0.2 M phosphate buffer barely showed a noticeable buffering region at all, and as the current density was increased the local pH also increased considerably fast.
Increasing the electrolyte concentration, as anticipated, had a substantial effect on the buffering ability of the solution. The buffer breakdown current density for 1 M phosphate was around 75 mA/cm 2 which is reasonably high for an electrode tested in an H-cell configuration.
However, the overall impact of the wider buffering region on the evaluation of the performance of electrocatalysts was remarkably intriguing and dependent on the total current density at a specific potential. In Figure 2 (d), the recorded current-potential curves during SEIRAS measurements are given for different electrolyte concentrations. All three electrolyte concentrations exhibited a similar current-potential profile until the current density was sufficient for breakdown of the particular buffer. The breakdown of each individual buffer leads to a plateau in the current-potential curves due to a sudden increase in the concentration overpotential. More importantly, the rise in the current density at high potentials with increasing concentration of the buffer solution had a large impact on the buffering ability at a specific potential. This is more clearly reflected in Figure 2 Figure SI4 ). 27 More importantly, the consumption rate of CO 2 changed dramatically at particular current densities for different electrolyte concentrations. These specific current densities agree very well with the breakdown of each buffer, and thus correspond to the homogenous reaction of CO 2 with the cathodically produced hydroxide ions. This observation is also supported by the observed steady increase in bicarbonate concentration near the electrode surface determined by the SEIRA spectra ( Figure SI5 ). Higher CO 2 consumption rates, therefore, are the result of competitive electrochemical and homogenous reactions of CO 2 near the electrode surface. The change in the consumption rate was more evident in the simulation results, most likely due to the constant faradaic efficiency assumed at different current densities, while this is well-known to be dependent on applied current density or potential during the experiments. 27 Nevertheless, experimental and theoretical results for different electrolyte concentration exhibited very similar patterns as a function of current density. to be a better representation of the activity because a change in the selectivity of products can be influenced dramatically by the changes in the rates of HER ( Figure SI6 ). For instance, higher selectivity towards CO 2 reduction products (~72%) was obtained in this study at low electrolyte concentrations when compared to the selectivity at high electrolyte concentrations (~30%) as seen at a potential of -0.95 V vs RHE in Figure 4(b) . However, this selectivity was as a result of lower hydrogen production rather than an increase in the production rate of C 2 products as manifested from partial current density plots. In Figure 4 (c), the partial current density of HER and CO 2 reduction and are given for three different electrolyte concentrations.
The incremental effect of the electrolyte concentration on the partial current density of HER was evident in all applied potentials, which is predominantly the result of a decrease in the concentration overpotential. The current density for CO 2 reduction peaked between 50-60 mA/cm 2 for different electrolyte concentrations, most likely as a result of mass transport limitations, in which the lowest concentration of the electrolyte (0.1 M) showed a slightly lower mass transfer limited current density. Although the CO 2 solubility is lower at higher electrolyte concentrations, a relatively low pH near the electrode surface and more extensive bubbling are considered to result in a slightly higher mass transfer limited current density for CO 2 reduction. 37 It is important to note that the mass transport limited current density, normalized to the number electrons transferred for the formation of each product, is highly dependent on the cell design, distribution of the CO 2 gas and stirring efficiency. 41 The potential dependent partial current density of the gas and liquid products is shown in Figure 4 (d-f) for different electrolyte concentrations. The onset potential for ethylene was observed to be around -0.65 V vs. RHE for all concentrations (Figure 4(d) ), while ethanol started to form at slightly more negative potentials along with a small amount of acetate (Figure 4(e) ). An appreciable amount of n-propanol (>10% FE) was found at slightly negative potentials compared to ethanol formation. The partial current density of the all C 2 and C 3 products reached a plateau and declined at very high potentials where the supply of the CO 2 was mass transport-limited (<-0.9 V vs. RHE). At these very negative potentials, methane started to form along with a prominent rise of hydrogen evolution.
The selectivity of the nanowire electrode towards CO 2 reduction products exhibited distinct differences at high potentials as a function of electrolyte concentration. Notably, the partial current density of methane exhibited a strong dependence on the electrolyte concentration ( Figure 4(d) ). The increase in methane production at the expense of the C 2 and C 3 products is considered to be a result of CO 2 mass transfer limitation and/or competition for active sites. The overall distribution of major products and potential dependent trends are consistent with the previously reported data on various copper nanostructures. 16 However, these trends very much rely on the tested potential region, which is evident from Figure 4 .
The electrolyte concentration had very little effect on the partial current density of products at a relatively lower potential region (-0.7 to -1.0 V vs. RHE), while the effect is much more prominent at higher potentials (-1.0 V to -1.2 V vs. RHE).
Discussion
On the basis of the above experimental and computational results, in this section we discuss the correlation between these results and the insights that they provide in conjunction with previous studies for understanding, interpretation and implementing electrochemical CO 2 reduction. First, bicarbonate is by far the most commonly used electrolyte in aqueous electrochemical and is known to have lower buffer capacity than the phosphate buffers used in this study. 27, 32, 42 For instance, the local pH in 0.5 M NaHCO 3 solution on a gold electrode was measured to be around 9 at ~5mA/cm 2 , 30 while the same local pH was recorded around 40 mA/cm 2 for 0.5 M phosphate buffer in this study. In spite of this fact, we explicitly showed that the pH near the electrode surface can be dramatically different from the bulk solution (> 5 pH units) in "well buffered" phosphate solutions (0.2M) at potentials that are relevant to the formation of hydrocarbons (-0.9 V) and at current densities <20 mA/cm 2 which can be considered as very low for high surface area copper electrodes. 43 This clearly demonstrates that simply switching the buffer employed from bicarbonate to phosphate solutions to examine the effect of local pH at high potentials and/or high currents is not a straightforward method and most of the previous studies in aqueous electrochemical CO 2 reduction on copper electrodes in H-cells are taking place under mass transport limitations of protons. Increasing the buffer capacity of the electrolyte up to 1 M provided a great improvement on the buffer breakdown current density, however, the potential window that can be tested with a minimal pH gradient only slightly improved due to the increase in the rate of HER at the same applied potential. In other words, the increase in the buffer capacity of the solution promotes the development of a relatively lower local pH that correspondingly increases the rate of HER.
Subsequently, higher current densities achieved in the same applied potential leads to only a minor improvement in the potential ranges that can be tested with a minimal concentration gradient.
The simulation results not only provided more insights to this phenomenon, but also provided an opportunity to assess its accuracy on predicting the local concentration of underestimates the buffer capacity, in the absence of bubble induced convection even after addition of convective mass transport via stirring ( Figure SI7 ). Therefore, it is highly important to take into account the bubble induced mass transport while performing simulations at high currents. However, the mass transport models for bubble induced convection are highly dependent on the departure diameter and coverage of the bubbles and surface energy of the electrode. 38 A slight underestimation of the local pH near the electrode The production of SEIRA active films that are more analogous to nanostructured electrodes is restricted by the percolation limit of the metal films which allows only very thin films to be studied, typically below 100 nm. 44 On SEIRA active flat copper surfaces, the diffusion profile can be considered to be perpendicular to the surface and uniform over the lateral area of the electrode due to the relatively small surface roughness and uniformity of the film. On copper nanowires, however, the diffusion profile can be viewed as hemispherical diffusion zones at the opening of each pore. Due to the highly dense and interconnected structure of the copper nanowires, individual hemispherical diffusion zones inherently merge to form a planar diffusion front, 45 as depicted in Figure 5 . In this architecture, the reactants are required to be transported to the catalyst layer which extends along the diffusion layer, and mass transport inside the porous catalyst merely benefits from convective forces. Assuming that convective mass transport, e.g. vigorous stirring or a flowing electrolyte, in addition to bubble induced mass transport can sustain the bulk pH outside the nanowires in an ideal sceneario, the pH and concentration of CO 2 along the catalyst layer is depicted in Figure 5 where the former is dramatically different at the bottom of the nanowires. The reason for this difference is the higher diffusion coefficient of CO 2 molecules compared to phosphate ions.
However, depending on the thickness of the catalyst layer and current density applied, a considerable depletion of CO 2 is expected to occur at the bottom of the nanowires. 39 An extensive simulation of the diffusion and migration of the molecules in an electrified porous medium is quite complicated and beyond the scope of this study. The importance of this practice, contained in the following paragraph, is to emphasize the practical and theoretical implications of the reactant distribution along the catalytic layer of a nanostructured electrocatalyst.
The electrochemically active surface area of nanostructured electrodes are particularly important for comparing intrinsic activity of nanostructured electrocatalysts. 13 The roughness factor of the nanowire electrodes used in this work, for instance, is around 55, which was obtained by comparing capacitance values of smooth copper electrodes ( Figure SI8 ).
However, even after assuming the methods for determining the electrochemically active surface areas are accurate, the intrinsic activity of nanostructured electrodes is most likely underestimated depending on the porosity and thickness of the catalyst layer due to the concentration gradient that exists along the highly dense and thick catalyst layer. Since the production rate of CO 2 products will vary along the catalyst layer due to depletion of protons and/or CO 2 , normalizing the measured activity by the electrochemically active surface area is an average of catalytic activity containing partially exploited and non-exploited areas.
Similarly, Tafel analysis to verify reaction mechanisms are only appropriate under activation controlled potentials where the impact of mass transfer limitations on measured rates is minimal. Considering the potential distribution across the catalyst layer and relatively low current density for breakdown of the commonly used buffer solutions, the activation controlled potential window will be very limited for high surface electrodes. The implication of the poor mass transport on the kinetic analysis of CO 2 electroreduction catalysts has been thoroughly discussed recently by Dunwell et al. 14 Moreover, the catalytic selectivity is also governed by the mass transport through the porous structure and the buffer capacity of the solution. The effect of pH on the selectivity of C 1 and C 2 compounds is well recognized, reproduced and discussed extensively in the literature. 25, 27, 42, 46 Here, we would like to remark that the concentration gradient along the catalyst layer is also likely to induce a selectivity gradient as well. Methane and hydrogen, which are formed via a pH dependent pathway, are likely to be formed at the outer surface of the pores where the concentration gradient is lower. Therefore, increasing the buffer capacity of the solution makes a noticeable change in the production of methane and hydrogen at a constant potential. Conversely, ethylene, ethanol and acetate are presumed to be formed inside the pores due to the alkaline environment via a decoupled proton-electron transfer step during C-C bond formation. 23, 28 Alkalinity is also considered to partially contribute to the formation of ethanol and acetate via disproportionation of acetaldehyde. 47 There are numerous proposed pathways for the formation of C 2 products on copper electrodes. 48 However, the pathways towards C 2 oxygenates were mostly debunked recently after invalidation of a common assumption in which the formation of oxygenates were considered to takes place via partial breaking of the CO bond. 7 Furthermore, stable intermediates such as CO, ethylene, and formaldehyde are required to be transported away from the porous and nanostructured catalyst layer to be observed as a final product. Re-adsorption of these intermediates or reactions with adsorbed molecules via an Eley-Rideal type of mechanism is proposed to result in the production of more reduced compounds such as ethane and propanol, depending on the dimensions and structure of the pores.
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The primary purpose of this discussion was to highlight the morphology induced mass transfer effect on the selectivity, activity and evaluation of the CO 2 reduction electrocatalysts which is often overlooked. Mesoscopic mass transport effects on nanostructured electrodes are actually well recognized for different types of reactions such as the oxygen reduction reaction as well as hydrogen, CO and methanol oxidation. [50] [51] [52] [53] Therefore, the results in this study are also applicable to various types of electrocatalytic reactions investigated in neutral pH. We believe separations between the nanostructure and thickness of the catalyst layer are of key importance to decouple mass transport effects from electrochemical reactions during the evaluation of intrinsic activity, selectivity and kinetic analysis of CO 2 reduction electrocatalysts. [54] [55] This can be potentially achieved by loading of nanostructures on to inert substrates by various methods such as spin coating, drop casting and dip coating which are extensively used and studied for fuel cell reactions to obtain uniform films in the absence of mass transport effects [56] [57] Laboratory scale studies on high surface area electrocatalysts in aqueous H-cells at ambient pressure appears to have little relevance for industrial large scale electrochemical CO 2 reduction. 58 The highest current density that could be achieved was around 60 mA/cm 2 for a two electron reaction under highly favorable mass transport conditions. [58] [59] Experimentally, the highest current densities for two electron products was on the order of 35 mA/cm 2 in H-cells under neutral pH conditions. 58 This is most likely due to the development of an alkaline pH near the electrode surface at high current densities that leads to a lower mass transport limited current density and gives rise to concentration overpotentials. Although an alkaline local pH does not lead to a concentration overpotential for products which are formed via a pH independent mechanism, the depletion of CO 2 near the electrode results in an extra concentration overpotential for all products. The CO 2 concentration near the surface can be potentially maintained via extensive stirring or flow of the electrolyte despite the high local pH, 30 however the influence of convective mass transport inside porous structures will be inherently small. Electrochemical CO 2 reduction at high pressures or on gas diffusion electrodes (GDE's) is an obvious solution to circumvent the increase solubility CO 2 and mass transport limited current density. 58 Extensive optimization of porous structures and buffered electrolytes are required to minimize the concentration overpotentials within the porous layer and to reduce the overall ohmic losses in any possible high pressure applications. Flow-by GDE architectures can benefit from alkaline electrolysis, however the favourable reaction of hydroxide and CO 2 and subsequent neutralization of the electrolyte is still one of the biggest challenges for stable long-term operation. In addition, the structural incorporation of high surface area electrodes and the applicability of knowledge gained from high surface electrodes in H-cell's to GDE's is highly questionable. Nevertheless, we believe aqueous Hcells are still a much less technically demanding, and thus useful, platform to reproducibly test and compare the activity of polycrystalline, single crystal and nanoparticle "thin film"
electrodes if mass transport issues are properly addressed.
Conclusions
The high current density at high potentials and/or high surface area electrodes is shown to create immense concentration gradients between the electrode surface and bulk electrolyte, which is not able to contend with high buffer capacity solutions. The resulting local pH on the surface of smooth copper electrodes in phosphate electrolytes were much higher than initially anticipated. Remarkably, a dramatic increase in HER at elevated buffer concentrations resulted in only a slight improvement on the potential window that can be tested with minimal concentration gradients. This fact is further complicated on nanostructured electrodes due to the concentration gradient existing along the nanostructured catalyst layer. Such gradients have important implications, not only in kinetic analysis but also in determining the electrochemically active surface area normalized activity of nanostructured electrodes. Although the morphology of the catalyst can provide significant changes in the activity and selectivity of the electrocatalysts, the distinct contributions of intrinsic activity and the local environment are currently far from being resolved. The high selectivity towards C 2 compounds on high surface area electrodes inherently attracts researchers to test CO 2 reduction electrocatalysts in low buffer capacity concentrations.
Considering that electrolysis in aqueous H-cell configuration's at ambient pressures cannot attain commercially viable rates of production, evaluation of intrinsic activity and extraction of kinetic parameters in the absence of mass transport limitations should be the primary goal which can be potentially transferred to other type of electrochemical cell designs and practical applications.
Methods
Preparation of SEIRA active films: 25 nm thick copper thin films were deposited onto a 60° bevelled germanium internal reflection element (IRE) by magnetron sputtering deposition. Although silicon is a better choice in terms of electrochemical stability, the transparency of silicon IRE does not allow measurements below 1000 cm -1 which includes the crucial phosphate bands. Nevertheless, Ge IREs were suitable for this study due to the range of applied cathodic potentials that were used. 2 Before sputtering, Ge IRE was mirror polished by using 1.0 μm, 0.3 μm and 0.05μm grain sized alumina paste, respectively, which was followed by thoroughly rinsing with iso-propyl alcohol and water. The IRE was transferred into the sputtering chamber in which a pressure of 1.8 ×10 -7 mbar was maintained. Then it was placed to a suitable working distance and rotated at a velocity of 15°/s to enable a uniform deposition of copper. Following this, argon was allowed to flow through the sputtering system maintaining a pressure of 3μbar, and copper was sputtered using a plasma power of 20W, which resulted in a growth rate approximately 0.04 nm s -1
. The sputtering process was performed for 10 minutes to produce 25 nm thick copper films that resulted in a mirror finish similar to that of the germanium IRE. Side to side resistance of the films along the 2 cm wide IRE was measured after the sputtering and was found to be typically between 25-35 Ω.
Spectroelectrochemical measurements: All spectroelectrochemical measurements were performed in a custom made modular cell schematically depicted in Figure 1 -b. Copper thin films sputtered on a Ge internal reflection element served as the cathode/working electrode. A Ag/AgCl (BASI) reference electrode in 3 M NaCl solution was used as the reference electrode, whilst the counter electrode was a graphite rod. Upon assembly, the cell was placed in a Bruker Vertex 70 spectrometer equipped with a liquid nitrogen cooled LN-MCT detector and a Veemax III ATR accessory. The spectrometer and sample compartment were purged with nitrogen (5.0 grade) for 30 min to remove atmospheric water vapor and CO 2 . All electrochemical measurements were performed using a BioLogic SP-200 potentiostat. In order to obtain an appreciable signal, for all Cu thin films, an activation routine was applied consisting of three voltammetry cycles between 0.5V and -0.4V vs. RHE in 0.1 M NaCl. After activation of the surface, the spectroelectrochemical cell was rinsed thoroughly with ultra-pure water and then a background spectrum was collected in electrolyte free water solutions. Voltammetry measurements were performed between 0 V and -1.25 V vs RHE with a scan rate of 1 mV/s in various concentrations of CO 2 saturated phosphate buffers prepared from KHPO 4 and KH 2 PO 4 salts (Sigma, ACS reagent grade). Simultaneously, IR spectra were collected in Kretschmann configuration at a resolution of 4 cm -1 and 32 coadded scans were recorded for each 10 mV. Solution resistance was measured by electrochemical impedance spectroscopy and extracted from a high frequency intercept of the Nyquist plot in the frequency range from 100 kHz to 10 Hz[ Figure SI9 ] All the potentials were corrected for IR losses after the experiments.
Preparation of Copper Nanowires: Cu nanowires were synthesized on a Cu wire (99.9%, 1mm diameter, Sigma-Aldrich) and used as cathodes/working electrodes. The Cu wires were cleaned with acetone and ethanol in an ultrasonicator, each for 5 min separately, then rinsed with de-ionized water several times and dried with nitrogen. Cu(OH) 2 nanowires were first fabricated on the copper wire substrates using a wet chemical method.
The cleaned copper substrates were immersed into a solution mixture containing 0.133 M (NH 4 ) 2 S 2 O 8 (98%, Sigma-Aldrich) and 2.667 M NaOH (99.99%, Alfa-Aesar) for 10 min. The color of wires changed from reddish brown to blue, indicating the formation of Cu(OH) 2 on the surface of Cu wire substrate. After 10 min, the Cu wires were taken out of the solution, thoroughly cleaned with de-ionized water and dried with nitrogen. Finally, Cu wires were placed into a tube oven at 180°C for 2h in air flow to form CuO nanowires. The morphologies of catalysts before and after electrochemical CO 2 reduction was characterized using scanning electron microscope ( Figure SI10 ) (SEM, JEOL, JSM-6010LA).
CO 2 electrolysis and analysis: Electrochemical CO 2 reduction measurements were conducted in a custom made two-compartment H type of cell.
[ Figure SI11 ]. The Cu nanowire electrode was placed in the cathodic compartment (12 mL of electrolyte, ~ 3 mL headspace) close to the Ag/AgCl reference electrode and served as the working electrode. A Pt mesh was used as the counter electrode and positioned in the anodic compartment, which was separated from the cathodic part by a Nafion-115 proton exchange membrane. Different concentrations of phosphate buffer (0.1 M, 0.25 M and 0.5 M, KH 2 PO 4 /K 2 HPO 4 = 1:1) were used as the electrolytes. Electrolytes were saturated with CO 2 by purging CO 2 gas into the solutions for at least 4 h. During electrochemical CO 2 reduction tests, CO 2 was continuously purged into the catholyte and anolyte, both at a rate of 10 sccm through mass flow controllers (Bronkhorst High-Tech). A PARSTAT 4000A potentiostat was used for all electrolysis experiments. Before electrochemical measurements, a potential of -0.8 V vs. Ag/AgCl was applied to reduce the CuO nanowires to Cu nanowires[ Figure SI12 ]. All potentials reported in this work were IR corrected and converted to the reversible hydrogen electrode (RHE) for convenience. Each electrochemical measurement was conducted over a time span of 2200s by applying a constant current under 1000 rpm stirring with a magnetic bar. During the experiments, gas products were collected and quantified by using online gas chromotography (GC) at 3 minute intervals (Compact GC 4.0, GAS) [ Figure SI13 ]. An average of six measurements were used unless any deactivation was observed, which was the case typically at high potentials.[ Figure S14 ]. In such cases, the faradaic efficiency of H 2 increased gradually while the FE of C 2 H 4 decreased as potential became less negative. After experiments, 5 mL liquid products were collected and used for NMR (400MHz, Agilent) analysis. In a typical NMR measurement, 540 μm catholyte was mixed with 60 μm D2O (99.9%, Sigma-Aldrich) containing 5mM DMSO (99.7%, Sigma-Aldrich) as internal standard. 1 H NMR spectrum was measured with 2 s presaturation delay, 2 s relaxation delay, 2 s acquisition time and water suppression.The surface roughness factor of the electrodes was determined by measuring the double layer capacitance of the Cu nanowires. Cyclic voltammograms with different scan rates between 0.05 V to 0.15 V (vs. RHE) were performed in a non-faradaic region in 0.1 M NaClO4 solution [ Figure SI8 ]. The capacitance was obtained by plotting the geometric current density against the scan rate of the CVs. The surface roughness factor was calculated by comparing this capacitance value to that of a reported smooth polycrystalline Cu electrode.
